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摘 要  
石墨烯因其优异的力学、热学、电学以及光学等性能，在电子器件、航天设
备、生物传感器以及高性能复合材料等领域都有着巨大的应用前景，自 2004 年
发现以来就引起了全世界科研工作者的密切关注。如何制备出高质量的单层或少
层石墨烯成为当务之急。本论文提出了一种超临界二氧化碳技术结合机械剥离制
备石墨烯的方法，获得了单层和少层的石墨烯，详细研究了操作参数对石墨烯产
率的影响，确定了最优的制备条件，并通过表征手段对石墨烯进行了分析，探讨
了整个制备过程的机理。 
首先，采用超临界二氧化碳结合锯齿形机械剥离装置分别剥离 3500 目鳞片
石墨和 1000 目膨胀石墨制备石墨烯，研究不同的石墨原料对石墨烯性能的影响。
研究结果表明，以 3500 目鳞片石墨为原料制备出来的石墨烯尺寸多为数百纳米，
而以 1000 目膨胀石墨为原料制备出来的石墨烯尺寸多为微米级，尺寸相差一个
数量级。除此之外，相比膨胀石墨，鳞片石墨的剥离效率也较低。因此，后续实
验都是以 1000 目膨胀石墨为实验的原材料。 
其次，采用控制变量法，研究操作压力、搅拌时间、搅拌速度以及初始石墨
量等操作参数对石墨烯产率的影响。研究表明当温度为 40 °C，操作压力为 13 
MPa，搅拌时间为 60 min，搅拌速度为 1000 rpm，初始石墨量为 0.5 g 时剥离效
果最优。UV-Vis分析得到石墨烯分散液的浓度可达 1.4 mg/mL，最优产率为 28 %。
对制备出的石墨烯进行表征分析，SEM、TEM 数据显示得到单层和少数层石墨
烯，电子衍射图显示制备出的石墨烯结晶性良好；AFM 数据显示 88%的石墨烯
为三层以内，其中单层和双层占到 71%；XRD 数据显示石墨烯结构没有受到破
坏，也没有引入其他官能团；Raman 数据显示石墨烯的 ID/IG值（0.45）要远小于
化学还原氧化石墨烯的 ID/IG值（1.1~1.5），质量较高，2D 峰的峰型和位置表明
得到少数层的石墨烯。随后对超临界二氧化碳结合机械剥离制备石墨烯过程的机
理进行了探讨，并通过四探针仪器对制备得到的石墨烯进行电导率的测量，结果
显示石墨烯具有较高的导电性，电导率可达到 2.1× 105 S/m。 
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最后，对实验装置进行改进，在高压釜的基础上加上超声波探针，并采用机
械搅拌代替磁子搅拌，文丘里式机械剥离装置代替锯齿形机械剥离装置，采用超
声波辅助超临界二氧化碳结合机械剥离制备石墨烯，着重考察超声波功率和超声
时间对石墨烯浓度的影响，得到制备石墨烯的最优条件为：温度 40 oC，操作压
力为 13 MPa，初始石墨量为 0.5 g，机械搅拌速度为 1000 rpm，超声波功率为 180 
W，超声时间 90 min。对得到的石墨烯产物进行表征分析，SEM、TEM 数据表
明得到了大尺寸的单层和少数层石墨烯，电子衍射图表明制备出的石墨烯结晶度
良好，在剥离的过程中没有遭受破坏；Raman 数据表明石墨烯的 ID/IG值为 0.24，
与未加超声的工艺制备出的石墨烯 ID/IG值（0.45）相比，ID/IG值更小，表明超声
波辅助超临界二氧化碳结合机械剥离制备出的石墨烯质量更高。AFM 数据表明
得到了大尺寸的石墨烯，其中 92%的石墨烯为三层以内，单层和双层占到 78%
（单层 35%，双层 43%）。采用三电极体系对石墨烯电极进行循环伏安测试，循
环伏安曲线表明比电容随着扫描速率的增大而减小。当扫描速率为 5 mV/s 时，
比电容最大为 268 F/g，表现出良好的电化学性能。  
关键词：超临界二氧化碳；机械剥离；石墨；石墨烯； 
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Abstract 
Since its discovery in 2004, graphene has attracted close attention all over the 
world because it has excellent mechanical, thermal, electrical and optical properties and 
a great promising prospect in the fileds of electronic devices, aerospace equipment, 
biosensors and high performance composites. How to obtain high quality, single and 
few-layer graphene nanosheets has become the urgent matter. In this paper, the 
exfoliation of graphite into few-layer graphene nanosheets by supercritical CO2 process 
coupled with mechanical exfoliation were first investigated and single and few-layer 
graphene nanosheets were obtained. The effects of operating parameters on graphene 
yield was detailedly studied, the optimal conditions of preparing graphene was 
determined, the graphene nanosheets were characterized and the possible mechanism 
of preparation process was explored.  
First, the production of graphene nanosheets with 3500 mesh graphite flakes and 
1000 mesh expanded graphite by supercritical CO2 process coupled with mechanical 
exfoliation was developed, the effects of different graphite on the properties of 
graphene were studied. The results showed that the size of graphene exfoliated from 
3500 mesh graphite flake was hundreds of nanometers, where the size of graphene 
exfoliated from 1000 mesh expanded graphite was about few microns, thus the size 
differ was about an order of magnitude. In addition, the exfoliating ratio of graphite 
flake was also very low compared with expanded graphite. Therefore, 1000 mesh 
expanded grphite was used as raw materials in the experiment. 
Second, the effects of operating parameters such as pressure, stirring time, stirring 
speed and initial graphite on graphene yield were studied by control variate method. 
According to the experiment results, the optimum conditions were as follows: 
temperature of 40 °C , pressure of 13 MPa, stirring time of 60 minutes, stirring speed 
of 1000 rpm and initial graphite mass of 0.5 g. The concentration of graphene dispersion 
could reach 1.4 mg/mL by UV-Vis, the yield was 28%. The exfoliated graphene 
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nanosheets were characterized, SEM and TEM showed that single and few-layer 
graphene sheets were obtained, and the electron diffraction pattern suggested the 
exfoliated graphene were well crystallized in hexagonal symmetry structure; AFM 
displayed that more than 88% of the graphene sheets were less than three layers, where 
monolayer and bilayer were the major products (altogether 71%). XRD indicated that 
the graphene structure was not distorted during exfoliation process and no other 
functional groups were introduced. Raman showed that the ID/IG ratio (0.45) of 
graphene had little defect, which is much smaller than those of chemically reduced GO 
(1.1~1.5), the shape and position of 2D peak futher proved that the graphite was 
exfoliated into single or few-layer graphene. The possible mechanism of production of 
graphene by supercritical CO2 process coupled with mechanical exfoliation was 
discussed and the electrical conductivity was measured by a four-point probe 
instrument. The results showed that the electrical conductivity of graphene film was 
very high, reaching 2.1×105 S/m. 
Finally, our experimental device was improved, the ultrasound was introduced in 
the stainless steel autoclave, magneton was replaced by mechanical stirring, jagged   
mechanical exfoliation device was replaced by venturi mechanical exfoliation device. 
Production of graphene nanosheets by ultrasonic-assisted supercritical CO2 process 
coupled with mechanical exfoliation were developed. The effects of ultrasonic power 
and ultrasonic time on graphene yield were studied by control variate method. The 
optimum conditions were as follows: temperature of 40 °C , pressure of 13 MPa, initial 
graphite mass of 0.5 g, mechanical stirring speed of 1000 rpm, ultrasonic power of 180 
W and ultrasonic time of 90 min. The exfoliated graphene were characterized, SEM 
and TEM showed that large lateral size of single and few-layer graphene nanosheets 
were obtained, and the electron diffraction pattern suggested the exfoliated graphene 
were well crystallized in hexagonal symmetry structure, which confirmed that the 
crystallinity of graphene structure was not damaged during exfoliation process; Raman 
showed that the ID/IG ratio of graphene was 0.24, which was smaller than the craft 
without ultrasound, this proved that the quality of graphene by ultrasonic-assisted 
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supercritical CO2 process coupled with mechanical exfoliation were much higher. AFM 
indicated the large size graphene was obtained, more than 92% of the graphene sheets 
were less than three layers, where monolayer and bilayer were 78% (35% of monolayer, 
43% of bilayer).Then the cyclic voltammetry of graphene electrode was tested by the 
three electrode system .The cyclic voltammetry curve showed that the specific 
capacitance decreased with the increase of scanning speed. And when the scanning 
speed was 5 mV/s, the specific capacitance was 268 F/g, which showed a good 
electrochemical performance. 
Keywords: supercritical carbon dioxide; mechanical exfoliation; graphite; graphene 
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第一章 绪论 
1.1 概述 
长期以来，对于整个碳材料家族，只有石墨和金刚石两种三维结构被人类所
熟知。1985 年，英国化学家哈罗德·克罗托和美国科学家罗伯特·科尔、理查
德·斯莫利率先发现了 C60[1]。C60属于零维结构的碳材料，成足球状，是众多椭
球状和球状分子中的一员，现在称它们为“富勒烯”。1991 年，日本科学家饭岛
澄男在石墨电弧放电实验中观察得到的产物时候，在电极上发现了一些针状的产
物，意外发现了一维的碳纳米管[2]。当零维、一维和三维的碳材料被相继发现后，
关于二维晶体材料的存在的可能性就成为学术界研究的热点。 
所谓二维晶体，就是指以平面结构形式存在的晶体，其实寻找二维晶体材料
的工作早在 70 多年前就已经开始，但对其是否能稳定存在，科学界一直有争议。
人们普遍认为二维晶体结构由于自身的热力学不稳定性，在室温下无法稳定地维
持其有序的结构。直到 2004 年，英国曼彻斯特大学的两位科学家安德烈·海姆
和诺沃肖洛夫采用透明胶带将高定向热解石墨片按压到其表面多次剥离，得到了
单层的石墨烯[3]，证明了二维晶体材料可以稳定存在的可能性，从此开启了人们
研究石墨烯的热潮。 
1.2 石墨烯的结构 
石墨烯是由 C 原子组成的二维材料，C 原子之间通过 sp2杂化形成正六边形
的蜂巢晶格结构，只有一个原子层的厚度，碳碳之间以共价键相连，是典型的二
维结构平面材料[4]。石墨烯是组成其他维数材料的基本单元：它既可以分解为零
维的富勒烯，又能卷曲为一维的碳纳米管，还可以叠加为三维的石墨[5]（图 1.1）。
完美石墨烯的结构中只包含六边形，然而实际制备出来的石墨烯并不是完美存在
的，通常存在许多缺陷，主要是五角元胞和七角元胞的存在造成的，而且往往是
单层多层的掺杂在一起。Partoens 等人[6]通过研究发现，石墨烯的性能随着层数
的变化而变化。当石墨烯的层数低于十层时，石墨烯表现出异于石墨的能带结构，
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具有优异的性能。而当石墨烯的层数超过十层时，就会丧失绝大多数性能，此时
应该定义为石墨纳米薄片。 
 
 
图 1.1 石墨烯：碳材料的组成单元[5] 
Figure 1.1 Graphene-basic building block for carbon materials 
1.3 石墨烯的性能 
石墨烯特殊的单原子层结构，赋予其许多优异的性能[7-9]，如电学性能[8]、光
学性能[9]、力学性能[10]、热学性能[11]等。 
1.3.1 电学性能 
石墨烯中的每个碳原子与周围三个相邻的碳原子相连，每个碳原子都有一个
孤电子，能够与其他碳原子的孤电子相互作用形成离域的大 π 键，可自由移动在
层间，这让石墨烯具有很好的导电性。研究表明，电子在石墨烯中可以进行高速
的传导，其运动速度可达到 106 m/s，是光速的 1/300，远远超过电子在其他导体
中的运动速度。同时，由于石墨烯中的原子作用力很强，电子受到的干扰很小，
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